Rutile germanium dioxide (r-GeO 2 ) is an ultrawide-band-gap semiconductor with potential applications in highpower electronic devices, for which the carrier mobility is an important material parameter that controls the device efficiency. We apply first-principles calculations based on density functional and density functional perturbation theories to investigate carrier-phonon coupling in r-GeO 2 and predict its phonon-limited electron and hole mobilities as a function of temperature and crystallographic orientation. The carrier mobilities at 300 K are ! elec,!! = 154 cm 2 V -1 s -1 , ! elec,∥! = 74 cm 2 V -1 s -1 , ! hole,!! = 5 cm 2 V -1 s -1 , and ! hole,∥! = 2 cm 2 V -1 s -1 . At room temperature, electron mobility is dominated by acoustic-phonon scattering. The predicted Baliga's figure of merit of n-type r-GeO 2 surpasses several incumbent semiconductors such as Si, SiC, GaN, and β-Ga 2 O 3 , demonstrating its superior performance in high-power electronic devices.
applications. 13, 16, 17 Yet, the carrier mobilities of r-GeO 2 , and thus its viability and efficiency for power-electronics applications, remain unexplored.
In this work, we apply predictive atomistic calculations to determine the phonon-limited electron and hole mobilities of r-GeO 2 as a function of temperature and crystallographic orientation. We quantify the intrinsic phonon and carrier-phonon-coupling properties that impact carrier transport. Our results demonstrate that r-GeO 2 exhibits a superior BFOM than current semiconductor technologies such as Si, SiC, GaN, and β-Ga 2 O 3 in power-electronics applications.
To accurately predict the carrier and phonon properties of r-GeO 2 , we use first-principles calculations based on density functional (DFT) and density functional perturbation theories (DFPT) within Quantum ESPRESSO 18 and the Boltzmann transport equation (BTE) within EPW 19, 20 . In previous work, 17 we calculated the quasiparticle band structure of r-GeO 2 for the experimental lattice parameters 21 using the G 0 W 0 method. For phonon calculations, the lattice parameters and atomic positions were relaxed to prevent imaginary phonon frequencies, resulting in lattice parameters of ! = 4.516 Å and ! = 2.978 Å that differ from experiment 21 by +2.5% and +4.1%, respectively. The phonon dispersion, phonon frequencies at Γ, and sound velocities are included in Fig. S1 and Tables SI and SII in the Supplementary Information. The quasiparticle energies, phonon frequencies, and carrier-phonon coupling matrix elements were calculated on 4×4×6 Brillouin zone (BZ) sampling grids (using the charge density generated on an 8×8×12 BZ sampling grid for higher accuracy) and interpolated to fine BZ sampling grids with the EPW code. Carrier velocities were evaluated with the velocity operator, 22, 23 and the Fröhlich correction was applied to the carrier-phonon coupling matrix elements !. 24 The phononlimited carrier mobilities were calculated over the 100-1000 K temperature range for a carrier concentration of 10 17 cm -3 . 25 The mobilities were converged for carrier and phonon BZ sampling grids of 120×120×180. We sampled states within energy windows of 225 meV around the carrier Fermi energies, which accounts for energy differences during scattering of up to ℏ! !"# + 5! ! ! at room temperature, where ℏ! !"# is the highest polar optical phonon energy and ! ! is the Boltzmann constant.
We analyzed the phonon-mode-dependent carrier-phonon coupling to understand carrier scattering by phonons in r-GeO 2 . We first determined the carrier-phonon coupling matrix elements for the bottom conduction and top valence bands for wave vectors along the Γ-X and Γ-Z directions [ Fig. 1(a,d) ]. Our results show that polar optical modes exhibit the strongest carrier-phonon coupling, as expected in polar materials. However, the higher-frequency modes are not as effective at scattering carriers; they either require high temperatures to enable appreciable phonon occupation numbers and scatter carriers by phonon absorption or high carrier energies to scatter electrons to lower-energy states by phonon emission. Taking the thermal occupation of phonon modes at room temperature (! ! ! = 26 meV) into account, we find the dominant modes for phonon-absorption [! ! ! ! , Fig We next discuss the mobility obtained from the iterative solution of the BTE. Figure 2 shows the convergence of the electron (a) and hole (b) mobilities at 300 K along both crystallographic axes as a function of electron and phonon BZ sampling. We apply a linear extrapolation based on the two finest grids and extrapolate the mobilities with infinite BZ sampling. The converged carrier mobilities at 300 K are ! elec,!! = 154 cm 2 V -1 s -1 , ! elec,∥! = 74
Qualitatively, we expect a lower mobility for transport directions in which carriers have more than one strong perpendicular scattering direction. Our carrier-phonon coupling results show that carrier scattering in r-GeO 2 is stronger for scattering along Γ-X than Γ-Z, which indicates that the carrier mobility is higher for in-plane ⊥ ! than out-of-plane ∥ ! transport since the carriers propagating along ! have two strong scattering (Γ-X) directions, while carriers propagating ⊥ ! have one stronger (Γ-X) and one weaker (Γ-Z) scattering direction. This analysis is validated by our calculated carrier mobilities, which demonstrate that the electron and hole mobilities are approximately twice as high along ⊥ ! than ∥ !. The extrapolated room-temperature mobility values for r-GeO 2 for infinitely fine sampling grids
Typically, the polar-optical modes limit the room-temperature mobility in oxide materials, but our electron-phonon coupling results combined with the mobility calculations indicate that the acoustic modes play a larger role in r-GeO 2 . This is consistent with the results of Samanta et al., who found a strong sensitivity of the band gap on strain (i.e., acoustic deformation). 26 Figure 3 shows the temperature dependence of the mobility, including a power- law resistivity model fit to each curve. From Matthiessen's rule, we set the mobility as the sum of two resistivity contributions:
where !, ! !, and ! are fitting parameters to describe the temperature dependence. Table I lists the fitted values for each carrier type and direction. We find that at all temperatures studied and for both crystal directions, the !! ! term dominates the electron mobility. This is visualized in Fig. S2(a-b) , which shows the calculated mobility data along with the !! ! and !! ! terms. The value of ! for electrons is approximately 3/2, which is typically associated with deformationpotential acoustic-phonon scattering. Visually, the slope of the electron ! ! appears constant Carrier mobility is a crucial semiconductor parameter for the performance of electronic devices. The ultrawide band gap of r-GeO 2 (4.68 eV) 16 makes it especially suited for high-power and high-temperature applications. 13, 17 Table II lists the material parameters of r-GeO 2 relevant for n-type power electronics and compares them to incumbent technologies. The breakdown fields of β-Ga 2 O 3 (with a gap of 4.5 eV) and r-GeO 2 are evaluated using the breakdown field versus band gap relation by Higashiwaki et al. 9 The electron mobility of r-GeO 2 is lower than Si, SiC, and GaN by over 80% [27] [28] [29] 
Material
Static dielectric Electron mobility, ! Dielectric breakdown BFOM constant, ε ! (cm 2 V -1 s -1 ) field, ! ! (MV cm -1 ) (10 6 V 2 Ω -1 cm -2 ) Si 11.9 [33] 1240 (drift) [28] 0.3 [9] 8.8 4H-SiC 9.7 [28] 980 (drift) [28] 2.5 [9] 3,300 GaN 10.4 (∥ !) [34] 1000 (drift) [29] 3.3 [9] 8,300 β-Ga 2 O 3 10.0 [35] 184; 180 (Hall) [27, 31] 109; 80 (drift) [30, 31] 6.4 [9] 10,000 6,300; 4,400 r-GeO 2 14.5 (⊥ !) [36] 154 (drift) 7.0 17,000
In summary, we calculate the phonon-limited electron and hole mobilities of r-GeO 
I. Phonon properties
The phonon dispersion of a material strongly affects the carrier mobilities. Figure S1 shows the wave vector dependence of each mode along the ⊥ ! and ∥ ! directions. The lowestfrequency optical mode (B 1g , 98 cm -1 ) occurs at Γ. Along the in-plane direction, all phonon modes with frequencies above 179 cm -1 are optical modes, while the acoustic modes extend to a higher frequency (391 cm -1 ) in the out-of-plane direction. Table SII lists 
